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Background: Ionic liquids (ILs) are considered as suitable candidates for lignocellulosic biomass pretreatment prior
enzymatic saccharification and, obviously, for second-generation bioethanol production. However, several reports
showed toxic or inhibitory effects of residual ILs on microorganisms, plants, and animal cells which could affect a
subsequent enzymatic saccharification and fermentation process.
Results: In this context, the impact of two hydrophilic imidazolium-based ILs already used in lignocellulosic biomass
pretreatment was investigated: 1-ethyl-3-methylimidazolium acetate [Emim][OAc] and 1-ethyl-3-methylimidazolium
methylphosphonate [Emim][MeO(H)PO2]. Their effects were assessed on the model yeast for ethanolic fermentation,
Saccharomyces cerevisiae, grown in a culture medium containing glucose as carbon source and various IL concentrations.
Classical fermentation parameters were followed: growth, glucose consumption and ethanol production, and two original
factors: the respiratory status with the oxygen transfer rate (OTR) and carbon dioxide transfer rate (CTR) of yeasts which
were monitored online by respiratory activity monitoring systems (RAMOS). In addition, yeast morphology was
characterized by environmental scanning electron microscope (ESEM).
The addition of ILs to the growth medium inhibited the OTR and switched the metabolism from respiration
(conversion of glucose into biomass) to fermentation (conversion of glucose to ethanol). This behavior could be
observed at low IL concentrations (≤5% IL) while above there is no significant growth or ethanol production.
The presence of IL in the growth medium also induced changes of yeast morphology, which exhibited wrinkled,
softened, and holed shapes. Both ILs showed the same effects, but [Emim][MeO(H)PO2] was more biocompatible
than [Emim][OAc] and could be better tolerated by S. cerevisiae.
Conclusions: These two imidazolium-derived ILs were appropriate candidates for useful pretreatment of lignocellulosic
biomass in the context of second-generation bioethanol production. This fundamental study provides additional
information about the toxic effects of ILs. Indeed, the investigations highlighted the better tolerance by S. cerevisiae of
[Emim][MeO(H)PO2] than [Emim][OAc].
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Depletion of fossil fuels, excess of greenhouse gas, and
global planet warming require the exploration of renew-
able energies that are sustainable from economical,
ecological, and environmental points of view [1]. Lignocel-
lulosic plant biomass is generally considered as the most
promising renewable feedstock for bioproduction of trans-
portation fuels and commodity chemicals, without ali-
mentary competition [2,3]. Lignocellulosic biomass is
composed of three main polymers: cellulose, hemicellu-
lose, and lignin which are tightly linked and organized [1].
For that reason, the bioethanol production from lignocel-
lulosic biomass begins with a pretreatment step to in-
crease cellulose accessibility and digestibility by the
cellulolytic enzymes into glucose monomers (improving
the saccharification step), followed by an ethanolic fer-
mentation and ends by a distillation step of bioethanol [4].
Several types of pretreatment exist, classified into four
categories: chemical, physical, physicochemical, and bio-
logical. Chemical pretreatments are the most commonly
used for lignocellulosic biomass and include alkali or acid
pretreatments, ozonolysis, and organosolv process [1,4].
From the last decade, ionic liquids (ILs) have paid at-
tention in the pretreatment of lignocellulosic biomass
under mild conditions with improved yields of reducing
sugars [4-7]. ILs are salts typically composed of organic
cations and organic or inorganic anions, which exist as
liquids at temperatures below 100°C, often at room
temperature. They are non-volatile, non-flammable, and
present high chemical and thermal stabilities [5-7]. ILs
are emerging solvents of interest for lignocellulosic bio-
mass pretreatment, but the complete removal of ILs
after pretreatment is technically unrealizable, especially
for processes at large scale [8], and residual ILs are still
present in the pretreated substrate even after extensive
washing [4,5]. Thus, it is essential to investigate their
compatibility with all the steps of the bioethanol produc-
tion process, particularly with the fermentation phase.
Concerning the impact of ILs on microorganisms,
conflicting reports are available. Ouellet et al. [9] ob-
served that residual 1-ethyl-3-methylimidazolium acetate
[Emim][OAc] at a low concentration of 0.1% (v/v) which
is remaining after pretreatment of corn stover and
switchgrass had significant inhibitory effects on the
growth of the yeast Saccharomyces cerevisiae and ul-
timately ethanol production. However Li et al. [10]
described that corn cob pretreatment with 1-methyl-3-
methylimidazolium dimethylphosphite [Mmim][DMP] had
no notable effect on enzymatic saccharification, cell growth,
and accumulation of lipid of the bacteria Rhodococcus
opacus. In the same manner, Nakashima et al. [11] showed
that 1-ethyl-3-methylimidazolium diethylphosphate [Emim]
[DEP], 1-ethyl-3-methylimidazolium chloride [Emim][Cl],
and [Emim][OAc] used for cellulose pretreatments had nonegative impact on S. cerevisiae growth. Lee et al. [12] and
Ganske and Bornscheuer [13] observed toxic effects of 1-
butyl-3-methylimidazolium hexafluorophosphate [BMIM]
[PF6] at a concentration of 1% on Escherichia coli growth,
while no harmful action was found by Pfruender et al. [14]
at a concentration of 20% on the same bacteria. In another
study, Sendovski et al. [15] found that [BMIM][PF6] was
toxic for S. cerevisiae, while no negative repercussion was
observed by Pfruender et al. [14] with the same micro-
organism at 20%. Hence, understanding the origin of IL
toxicity on cells is gaining interest.
In this work, the impact of two hydrophilic imidazolium-
based ILs was investigated on S. cerevisiae grown in a cul-
ture medium containing glucose as carbon source. The first
IL, [Emim][OAc], is commonly used for various lignocellu-
losic substrate pretreatments, and the second one, 1-ethyl-
3-methylimidazolium methylphosphonate [Emim][MeO(H)
PO2], was recently demonstrated as an efficient alternative
to [Emim][OAc] in lignocellulose pretreatment [5,16-19].
The effects of both ILs were observed on the model yeast
physiology by following growth, glucose consumption, and
ethanol production. Moreover, two novel approaches were
used here. The first one is the respiratory activity (oxygen
transfer rate OTR and carbon dioxide transfer rate CTR) of
yeasts which was followed online by respiratory activity
monitoring systems (RAMOS). The second one is the yeast
morphology that was observed by the environmental scan-
ning electron microscope (ESEM). To our knowledge, this
is the first report of a complete investigation of IL impacts
on yeast cells, including physiologic, metabolic, and mor-
phologic parameters.
Results and discussion
S. cerevisiae growth in the presence of [Emim][OAc] or
[Emim][MeO(H)PO2] without previous adaptation
The impact of [Emim][OAc] and [Emim][MeO(H)PO2]
ILs on yeast growth was first assessed by biomass mea-
surements, expressed as cell dry weight (CDW), in YMD
culture medium (Figure 1). Without IL, S. cerevisiae type
II from Sigma-Aldrich grew in YMD medium after an 8-
h lag phase to a maximal biomass value of 5.8 g CDW/L
(OD600 ≈ 13). The [Emim][OAc] IL reduced drastically
the growth (Figure 1A): when 0.5% (v/v) was added, the
maximum biomass was 2.3 g CDW/L after the same lag
phase, and no growth could be observed when 1% or
more [Emim][OAc] was added to YMD medium. When
[Emim][MeO(H)PO2] was added to the YMD medium
(Figure 1B), the stationary growth phase was obtained with
a biomass value of 3.5 g CDW/L after an 8-h lag phase at
0.5% IL and 2.8 g CDW/L after a 24-h lag phase with 1%
IL. Growth was no longer observed with an addition of 2%
[Emim][MeO(H)PO2] or more (data not shown). The de-
crease of yeast growth was in agreement with the IL toxic











































YMD + 0.5% IL
YMD + 1% IL
YMD + 2% IL
Figure 1 Growth of non-adapted S. cerevisiae cells in the
presence of various concentrations of ILs in YMD culture
medium (A [Emim][OAc]; B [Emim][MeO(H)PO2]). The results are
mean of two experiments, and error bars represent standard






















































YMD + 0.5% [Emim][OAc]
YMD + 1% [Emim][OAc]
YMD + 2% [Emim][OAc]
Figure 2 Growth of IL-adapted S. cerevisiae in the presence of
various concentrations of [Emim][OAc] in YMD culture medium
(A cell dry weight (g/L); B glucose concentration; C ethanol
concentration). The results are mean of two experiments, and error
bars represent standard deviations from mean value.
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In order to increase the yeast tolerance to both ILs, suc-
cessive cultures of S. cerevisiae were realized in YMD
supplemented with increasing IL %, separated by a
spread on YMD plates (see the “Methods” part). The
aim of this protocol was the selection of yeasts with bet-
ter IL tolerance. This IL-adapted S. cerevisiae strain was
used for all the further results presented in this study.
S. cerevisiae growth, glucose consumption, and ethanol
production in the presence of [Emim][OAc] IL
Figure 2 shows the results obtained with [Emim][OAc]
addition to the YMD medium. The maximal biomass
was 2.4 g CDW/L with 0.5% IL and 1.5 g CDW/L with1% IL, both without lag phase. Growth was no longer
observed with 2% [Emim][OAc] addition (Figure 2A).
The glucose consumption was measured with an initial
concentration of 20 g/L in the YMD medium (Figure 2B)





















































YMD + 0.5% [Emim][MeO(H)PO2]
YMD + 1% [Emim][MeO(H)PO2]
YMD + 2% [Emim][MeO(H)PO2]
YMD + 4% [Emim][MeO(H)PO2]
YMD + 6% [Emim][MeO(H)PO2]
Figure 3 Growth of IL-adapted S. cerevisiae in the presence of
various concentrations of [Emim][MeO(H)PO2] in YMD culture
medium (A cell dry weight (g/L); B glucose concentration;
C ethanol concentration). The results are mean of two experiments,
and error bars represent standard deviations from mean value.
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poorly decreased with 2% [Emim][OAc].
The ethanol production was also quantified (Figure 2C).
Without [Emim][OAc], the measured maximum ethanol
yield (5.8 g/L) was obtained at 8 h when glucose was com-
pletely metabolized and then ethanol decreased to 0 at
72 h. After glucose depletion, no increase in ethanol
concentration was observed which indicated that glucose
was the only substrate for ethanol production in YMD
medium. The other components of the culture
medium, i.e. yeast extract, malt extract, and peptone,
could not serve as substrates for ethanol production
but however may contribute to the growth of S. cerevisiae
because the biomass value was 3.4 g CDW/L at 8 h while
5.6 g CDW/L at 72 h.
The addition of [Emim][OAc] modified the ethanol pro-
files: with 0.5% IL, the observed maximal ethanol concen-
tration was similar to the control without IL (5.8 g/L at
24 h when glucose was totally consumed) but remained
constant till the end of the culture (5.0 g/L at 72 h). With
1% [Emim][OAc], the measured maximal ethanol concen-
tration was 9.4 g/L at 24 h when glucose was depleted and
showed few variations till 72 h (7.6 g/L).
The constancy of ethanol concentration implied that
the ethanol decrease observed for the control without
[Emim][OAc] was due to a consumption by the yeasts
when glucose was exhausted.
It is worth to notice that the addition of 1% [Emim]
[OAc] to the fermentation medium allowed to increase
the maximal ethanol concentration by a factor 1.6
whereas the yeast growth was reduced by a factor 2.9
(Figure 2A).
S. cerevisiae growth, glucose consumption, and ethanol
production in the presence of [Emim][MeO(H)PO2] IL
Then, the impact of the second IL, [Emim][MeO(H)
PO2], was investigated on S. cerevisiae growth, glucose
consumption, and ethanol production. The addition of
[Emim][MeO(H)PO2] was better tolerated by S. cerevi-
siae than [Emim][OAc] and growth could be observed
until a supplementation of 6% IL (v/v) (Figure 3A), indicat-
ing that S. cerevisiae adaptation to [Emim][MeO(H)PO2]
was more efficient than to [Emim][OAc]. The maximal
biomass decreased progressively with the [Emim][MeO(H)
PO2] addition from 3.8 g CDW/L (OD600 = 8.5) with 0.5%
IL (instead of 5.6 g CDW/L for control without IL) till 1.0 g
CDW/L with 6% IL. No lag phase was observed except for
6% [Emim][MeO(H)PO2]. The totality of glucose contained
in the YMD medium was consumed for all the condition
tested with a consumption rate inversely proportional to
the growth (Figure 3B). The ethanol production was mea-
sured (Figure 3C) with a maximum at 5.8 g/L at 9 h for
the control without IL followed by a decrease to 0 at 72 h.
The [Emim][MeO(H)PO2] addition until 6% (v/v) led to ameasured maximum ethanol concentration higher than
the control with an optimum at 8.0 g/L for 4% [Emim]
[MeO(H)PO2]. Moreover, the decrease in ethanol concen-
tration observed without IL after glucose depletion was
less pronounced with [Emim][MeO(H)PO2] addition and
the ethanol was reduced from 47% at 1% IL, 23% at 2% IL,
and 17% at 4% IL between the glucose depletion and the
end of the culture at 72 h.
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ILs, [Emim][OAc] and [Emim][MeO(H)PO2], increased
significantly the measured maximum ethanol yield with
9.4 g/L for an addition of 1% [Emim][OAc] and 8.0 g/L
for 4% [Emim][MeO(H)PO2] instead of 5.8 g/L ethanol
for the control without IL. These values with ILs were
closer than the control to the theoretical maximum
ethanol yield that could be obtained from glucose at
20 g/L contained in the YMD medium, i.e. 10.2 g/L etha-
nol [21]. Furthermore, the ethanol consumption by the
yeasts after glucose depletion was not observed with ILs
addition and instead of a null yield at 72 h for the condi-
tion without IL, the ethanol concentrations measured
were 7.6 g/L for 1% [Emim][OAc] and 6.7 g/L for 4%
[Emim][MeO(H)PO2] at 72 h.
The nature of the anion associated to the imidazolium
cation seemed to play a deleterious role since the S. cerevi-
siae growth was more drastically affected by the acetate
anion (growth until 1%) than by the methylphosphonate
one (growth until 6%). But the yeast growth was not corre-
lated to the ethanol production, and the better ethanol
yields were obtained with addition of 1% [Emim][OAc]
(9.4 g/L ethanol) and 4% [Emim][MeO(H)PO2] (8 g/L
ethanol) instead of 5.8 g/L ethanol for control without IL.
As S. cerevisiae is a facultative aero-anaerobic yeast,
these first results led to investigate the respirofermenta-
tive status of the cells which is directly linked to the
ethanol biosynthesis [22-25]. For that purpose, the oxygen
transfer rate (OTR) was followed during growth in ab-
sence or presence of ILs. Secondly, the previous results
showed that ethanol was consumed by the yeasts after
glucose depletion, underlying an ethanol oxidation into
carbon dioxide and water. This hypothesis was verified by
measuring the carbon dioxide transfer rate (CTR). Both
OTR and CTR were simultaneously followed online dur-
ing the cultivation time by a RAMOS device proposed by
Anderlei and Büchs [26] and Anderlei et al. [27]. To our
knowledge, this is the first report of OTR and CTR mea-
surements with a RAMOS device applied to yeast grown in
presence of ILs. These results are presented in Figure 4 for
[Emim][OAc] IL and Figure 5 for [Emim][MeO(H)PO2] IL.
OTR and CTR profiles of S. cerevisiae culture in the
presence of [Emim][OAc] IL
For S. cerevisiae in YMD medium without IL, the OTR
increased exponentially at the beginning of the culture
from 0 to 7.6 mmol/L/h at 14 h (Figure 4A) and slowly
raised to 8.1 mmol/L/h at 20 h. The OTR remained con-
stant until 47 h then suddenly dropped to nearly 0 at
60 h. The OTR increase at the beginning of the culture
was correlated with exponential growth phase and
was consistent with the carbon substrate consumption
[26,28]. The OTR plateau between 20 and 47 h repre-
sented the maximum oxygen transfer capacity of thesystem [27,29] and implied that S. cerevisiae fermenta-
tion was oxygen limited during this phase. The sharp
drop in the OTR at 60 h indicated that the carbon
source was completely consumed [26,27].
In the presence of [Emim][OAc], the OTR profiles
were different. At 0.5% LI, a small increase was observed
at the beginning of the culture from 0 to 1.1 mmol/L/h
at 2 h, followed by a slight steady decrease to 0.2 mmol/
L/h at 52 h. At 1% LI, the OTR weakly raised to
0.8 mmol/L/h at 2 h, became null at 12 h, and remained
constant till the end of the culture. At 2% LI, the OTR
value stayed zero during all the experimental time. OTR
profiles in the presence of IL concentrations as low as
0.5 or 1% (v/v) showed that [Emim][OAc] greatly modi-
fied the oxygen status of the culture and the yeast meta-
bolic behavior. In the absence of [Emim][OAc], glucose
was aerobically consumed and converted in ethanol
thanks to the short-term Crabtree effect in S. cerevisiae
which inhibits respiration in the presence of high glucose
concentrations and allows aerobic alcoholic fermentation
[30-33], thus generating a high OTR maximal value
(8.1 mmol/L/h). In the presence of 0.5% and 1% [Emim]
[OAc], glucose was consumed anaerobically, leading to
low OTR maximal values around 1 mmol/L/h [34].
The CTR evolution (Figure 4B) showed for the condi-
tion without IL a peak at 32.5 mmol/L/h at 8 h, then a
decrease followed by a plateau at 4.8 mmol/L/h from 13
to 47 h, ended by a null value at 50 till 60 h. The first
phase of the CTR profile could be correlated with the
consumption of glucose converted in carbon dioxide
and ethanol until the sugar was depleted at 8 h
(Figure 2B, C). Then, the steady CTR at a value well
above null between 13 and 47 h implied that another
carbon source was consumed by S. cerevisiae during
that time which was different from the glucose and
generating a lower CO2 liberation rate. This is consist-
ent with the diminution of ethanol concentration
pointed in Figure 2C from 8 to 72 h and showed that
S. cerevisiae consumed the ethanol produced from
glucose during the first phase of the culture [27,34].
When ethanol was totally consumed, the CTR value
fell down to 0 at 60 h, underlying that the amino acid
nutrients contained in the YMD medium (i.e. yeast ex-
tract, malt extract, peptone) could not be used solely
by the yeast and that all the carbon sources were
exhausted [27].
When 0.5% (v/v) [Emim][OAc] was added to the
growth medium (Figure 4B), a CTR peak reaching
19.6 mmol/L/h was observed at 11 h, corresponding to
the glucose depletion (Figure 2B); but contradictory to
the control condition without IL, the CTR value directly
decreased to zero without a plateau around 5 mmol/L/h
and stayed null till 52 h. This meant that ethanol was













































YMD + 0.5% [Emim][OAc]
YMD + 1% [Emim][OAc]
YMD + 2% [Emim][OAc]
Figure 4 Oxygen transfer rate OTR (A) and carbon dioxide transfer rate CTR (B) of S. cerevisiae in the presence of various concentrations
of [Emim][OAc] in YMD culture medium. The results are mean of two experiments. Error bars are not represented to avoid overloading the figure.
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centration profile in Figure 2C indicating that ethanol
remained constant till the end of the fermentation. At
1% (v/v) [Emim][OAc], the S. cerevisiae CTR profile was
similar and raised to 17.9 mmol/L/h at 13 h before be-
coming null at 20 h until the end of the fermentation.
With 2% (v/v) [Emim][OAc], the CTR showed a slight
peak at 3.8 mmol/L/h at 1 h followed by a decrease to 0 at
10 h and remained constant till the end of the culture at52 h, which is consistent with the very low yeast growth
and glucose consumption observed in Figure 2A, B.
Thus, the maximal CTR value decreased when [Emim]
[OAc] was added to the medium culture: 32.5 mmol/L/h
without IL, 19.6 mmol/L/h with 0.5% IL, and 17.9 mmol/
L/h with 1% IL. This indicated that the yeast metabolism
had switched from aerobic to anaerobic consumption of
glucose with the addition of [Emim][OAc], leading to a













































YMD + 0.5% [Emim][MeO(H)PO2]
YMD + 1% [Emim][MeO(H)PO2]
YMD + 2% [Emim][MeO(H)PO2]
YMD + 4% [Emim][MeO(H)PO2]
Figure 5 Oxygen transfer rate OTR (A) and carbon dioxide transfer rate CTR (B) of S. cerevisiae in the presence of various concentrations of
[Emim][MeO(H)PO2] in YMD culture medium. The results are mean of two experiments. Error bars are not represented to avoid overloading the figure.
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of biomass production [31,34,35] and could explain the
highest ethanol concentration observed in Figure 2C
whereas the growth was low (Figure 2A).
OTR and CTR profiles of S. cerevisiae culture in the
presence of [Emim][MeO(H)PO2] IL
The OTR evolution in presence of the other IL, [Emim]
[MeO(H)PO2], is presented in Figure 5A. The controlcondition without IL was already described above. When
[Emim][MeO(H)PO2] was added to the culture medium,
the OTR decreased systematically with increasing per-
centages in IL. With 0.5% IL, the OTR increased from 0
to 1 mmol/L/h at 4 h; then, two OTR peaks were ob-
served, the first at 16 h with 3.0 mmol/L/h and the second
at 33 h with 4.9 mmol/L/h. After then, the OTR decreased
and reached 1.5 mmol/L/h at 60 h. For conditions with 1%
and 2% [Emim][MeO(H)PO2], the OTR also increased
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stant until 30 h then slightly increased to a maximal OTR
value of 2.6 mmol/L/h at 38 h for 1% IL and 1.6 mmol/L/
h at 45 h for 2% IL. Then, the OTR decreased and stayed
constant to 1.8 mmol/L/h for 1% IL and 1.6 mmol/L/h for
2% IL until 60 h. With addition of 4% [Emim][MeO(H)
PO2], the OTR increased to 1 mmol/L/h at 4 h and slowly
decreased to 0.4 mmol/L/h at the end of the culture.
The effect of [Emim][MeO(H)PO2] addition to the
culture medium produced the same effect as [Emim]
[OAc] and induced a transition of the glucose consump-
tion from an aerobic catabolism without IL to an anaer-
obic behavior in presence of low IL concentrations. But
the effect of [Emim][MeO(H)PO2] seemed to be less
drastic than [Emim][OAc] on S. cerevisiae, and the pro-
file obtained with 0.5% [Emim][OAc] was identical to
those with 4% [Emim][MeO(H)PO2]. This allowed an in-
teresting observation of the transition between aerobic
to anaerobic glucose consumption which could be illus-
trated with the 0.5% [Emim][MeO(H)PO2] condition.
The OTR profile showed clearly a diauxic growth with
two peaks at 16 and 33 h. These two points corre-
sponded to the glucose depletion for the first one
(Figure 3B) and to the ethanol consumption for the sec-
ond one, explaining the decrease in ethanol concentra-
tion observed after 32 h in Figure 3C. The diauxic
growth with 0.5% [Emim][MeO(H)PO2] is also observed
in the Figure 3A with a small growth deceleration at
32 h, followed by a second exponential phase until 56 h.
When [Emim][MeO(H)PO2] percentages increased, the
glucose catabolism became more and more anaerobic
generating lower yeast growths (Figure 3A) and higher
ethanol concentrations (Figure 3C).
The CTR was measured during growth in presence of
[Emim][MeO(H)PO2] (Figure 5B) and confirmed the
previous results. When 0.5% [Emim][MeO(H)PO2] was
added to the growth medium, the CTR indicated the
glucose depletion at 14 h with a peak at 17.0 mmol/L/h
and the ethanol consumption at 33 h with an increase to
3.0 mmol/L/h. The ethanol consumption in the second
part of the fermentation was less and less observed as
the [Emim][MeO(H)PO2] percentage raised, for being al-
most absent in the condition with 4% IL (Figure 5B),
exhibiting an ethanol concentration nearly maximal at
72 h (Figure 3C). With 4% IL, the maximal CTR value
was 8.8 mmol/L/h observed at 4 h, which is almost four
times lower than the control without IL (32.5 mmol/L/h)
confirming higher fermentation rates than respiration.
As previously discussed, the two imidazolium-based ILs
[Emim][OAc] and [Emim][MeO(H)PO2] could decrease
the growth, slow down the glucose consumption, and pro-
mote ethanol production by inhibiting yeast respiration
and avoiding further consumption of ethanol. Then, the
impact of both ILs was investigated on S. cerevisiae shapeand morphology by environmental scanning electron mi-
croscopy (ESEM). Here again, to our knowledge, this is
the first report of the direct visualization of IL effects on
the yeast morphology by electronic microscopy.
Impact of ILs on S. cerevisiae morphology
Figure 6A presents S. cerevisiae in the control condition,
i.e. YMD medium without IL. The cells were oval, smooth,
and swollen, with the typical appearance of ovoid yeasts.
Scars from previous buddings could also been observed at
the surface of some cells. When [Emim][MeO(H)PO2]
was added to the culture medium between 1% and 3%
(Figure 6B, D), the cell appearance changed: they pre-
sented holes clearly visible in the cell wall, some yeasts
were wrinkled and exhibited a softer and irregular surface.
With higher [Emim][MeO(H)PO2] concentrations (4%
and 5% in Figure 6E, F, respectively), the yeasts seemed to
dissolve and take a gel-like appearance. The cell walls were
not clearly distinguishable anymore and cells agglutinated
to each other in a sticky and slimy mass.
As already observed, the other imidazolium-derived
IL, [Emim][OAc], had the same impact on S. cerevisiae
morphology (Figure 7), but the deleterious effect was
more pronounced and the same damages could be ob-
served with lower IL concentrations. The Figure 7A
showed an ESEM micrography of S. cerevisiae in the
presence of 0.5% [Emim][OAc]. The yeasts presented
wrinkled surfaces and exhibited holes in their cell wall,
more numerous than with 3% [Emim][MeO(H)PO2]. At
1% [Emim][OAc] (Figure 7B), the gelified and smooth
aspect of the culture was retrieved. A defect in cell div-
ision could also be observed leading to longer cell shapes
[36], corresponding to around three or four times the
normal yeast length.
These ESEM results showed for the first time the dele-
terious effects of [Emim][OAc] and [Emim][MeO(H)
PO2] on S. cerevisiae morphology. An explanation could
rely on the structure of the yeast cell wall, representing
30% of the cell dry weight and composed of 85% poly-
saccharides. All the components are linked to each other
as a polysaccharide-mannoprotein complex, composed
of chains of β-1,3-linked glucose residues branched by
β-1,6 linkages, forming a fibrillar glucan serving as a
backbone to which is linked chitin, β-1,4-linked N-
acetylglucosamine polysaccharide, and some mannopro-
teins [36,37]. Both imidazolium-based ILs [Emim][OAc]
and [Emim][MeO(H)PO2] are known and used for their
ability to destructure the rigid supramolecular archi-
tecture of cellulose, which is a β-1,4-linked glucose
polysaccharide [16,17]. It is worth to consider that ILs
interacted in a similar manner on the polysaccharides
composing the yeast cell wall, inducing holed, soft-
ened, and gelified structures as observed in Figure 7.












Figure 6 ESEM micrographs of S. cerevisiae cells in the presence of various concentrations of [Emim][MeO(H)PO2] in YMD culture
medium: (A) YMD; (B) YMD + 1% [Emim][MeO(H)PO2]; (C) YMD + 2% [Emim][MeO(H)PO2]; (D) YMD + 3% [Emim][MeO(H)PO2];
(E) YMD + 4% [Emim][MeO(H)PO2]; (F) YMD + 5% [Emim][MeO(H)PO2].
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[38]. The IL anionic moiety is describe to be responsible
for the disruption of the hydrogen bonds network between
the glucosidic monomers in the cellulosic matrix [5,7]. It
is probable that the methylphosphonate anion has a lower
destructuring ability than the acetate on the yeast cell wall
polysaccharides, which could explain the milder deleteri-
ous effect of [Emim][MeO(H)PO2].
Impact of ILs on S. cerevisiae viability
After visualizing the damages in yeast cell structures due
to low concentrations of [Emim][OAc] and [Emim]
[MeO(H)PO2], the cell viability in ILs was quantified byA
2 µm
B
Figure 7 ESEM micrographs S. cerevisiae cells in the presence of vario
(A) YMD + 0.5% [Emim][OAc]; (B) YMD + 1% [Emim][OAc].measuring the colony-forming units (CFU) after 24 h of
growth in YMD medium supplemented with increasing
ILs concentrations. These mixtures were inoculated by
107 cells (Figure 8). In the absence of IL, the S. cerevisiae
culture contained 6.0 × 108 CFU/mL after 24 h. The
addition of 0.5% and 1% [Emim][OAc] was fungistatic
and the yeasts grew but to a lesser extent than the
control without IL. Cell counts of 1.8 × 108 and 6.1 ×
107 CFU/mL, respectively, were reached after 24 h. The
[Emim][OAc] became fungicide from 2% (v/v) (7.0 ×
105 CFU/mL) and no viable cell could be detected with
a 3% addition. The [Emim][MeO(H)PO2] was less toxic
for S. cerevisiae cells: the number of CFU obtained2 µm




















YMD YMD + [Emim][OAc] YMD + [Emim][MeO(H)PO2]
Figure 8 Viability of S. cerevisiae in the presence of various concentrations of [Emim][OAc] and [Emim][MeO(H)PO2] in YMD culture
medium. Inoculum was constituted by 107 cells (horizontal dashed line). The colony-forming units were numbered after 24 h of growth.
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7% (v/v), indicating fungistatic concentrations. At 8%,
[Emim][MeO(H)PO2] became fungicide (6.0 × 10
5 CFU/
mL) and no viable cell could be observed from 9% IL
(data not shown).
The viability results were consistent with all the previ-
ous parts and indicated that [Emim][MeO(H)PO2] was
more biocompatible with S. cerevisiae cells than [Emim]
[OAc]. It also meant that yeasts retained metabolic ac-
tivity and reproductive ability, even if they appear dam-
aged with holes in their softened cell walls.
Conclusions
Altogether, our results showed that both imidazolium-
based ILs [Emim][OAc] and [Emim][MeO(H)PO2] pro-
moted bioethanol production by S. cerevisiae. Addition
of low IL concentrations to the growth medium gener-
ated higher ethanol yields than the control without IL, i.
e. +58.2% with 1% [Emim][OAc] and +37.9% with 4%
[Emim][MeO(H)PO2]. These increased yields were due
to inhibition of the respiration activity of the yeasts, in-
dicated by measured OTR in the culture medium,
thereby generating a transition from a respiratory me-
tabolism to a fermentative consumption of glucose with
lower biomass production but higher ethanol yields.
Moreover, the ethanol consumption by the yeasts
observed for the control without IL after glucose de-
pletion was reduced or absent in certain IL conditions.
Deleterious effects of ILs were also observed on S.
cerevisiae cell wall.The number of ILs is virtually infinite because of un-
limited capabilities to exchange constitutive cations and
anions. Hence, it is highly probable that new ILs could
be designed at will to reduce toxicity and help yeasts to
tolerate higher IL concentrations, while retaining the
properties of improved ethanolic yields and destructur-
ing the lignocellulosic biomass. But this implies firstly to
deepen the knowledge on IL cytotoxicity and how they
interact with the cells: some authors pointed the toxic
role of the cationic moiety [20,39], others stated for an
anionic origin [40], while others evidenced deleterious
effects for both anionic and cationic parts [9,41]. Differ-
ences between all these reports may originate from the
provenance of the ILs, and several works deal with im-
purities found in commercial ILs that could interact with
cells and could lead to distorted toxicity results [42-44].
The future of this fundamental study is to gather the
three steps of the second-generation bioethanol produc-
tion in a one-pot process, regrouping IL pretreatment of
the lignocellulosic biomass, enzymatic saccharification,
and ethanolic fermentation. A previous study on cellu-
lose pretreatment with [Emim][MeO(H)PO2] combined
to a simultaneous enzymatic saccharification with Tri-
choderma reesei cellulases showed the best glucose yield
with a concentration of 10% [Emim][MeO(H)PO2] [17].
We evidenced in our study that S. cerevisiae was not vi-
able anymore at that IL concentration and there is more
work to do to increase yeast tolerance to ILs and achieve
a one-pot process from lignocellulosic biomass to
bioethanol, in order to optimize the industrial process
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This also implies to focus on IL reuse which is still a
technological lock even if several works are done in that
purpose but only in a separate phase of IL pretreatment
[17,18,48]. This will be more difficult to achieve when
the ILs are used in diluted media containing enzymes
for saccharification and cells for fermentation.
Methods
Chemicals
Yeast extract, peptone, and malt extract were obtained
from Merck (Darmstadt, Germany) while glucose, os-
mium tetraoxide (OsO4), glutaraldehyde, and agar were
purchased from Sigma-Aldrich (Steinheim, Germany).





quired from Solvionic SA (Veniole, France), with purity
higher than 98%.
Strain and culture conditions
The yeast strain used in this study was S. cerevisiae Type
II from Sigma-Aldrich (Steinheim, Germany).
The growth medium was the yeast-malt-dextrose
(YMD) medium: glucose 20 g/L, yeast extract 3 g/L,
malt extract 3 g/L, peptone 3 g/L, pH 4.8, eventually
solidified by agar 20 g/L, and sterilized at 121°C for
20 min. The culture conditions were 30°C at 150 rpm
with a shaking diameter of 2.5 cm.
The S. cerevisiae strain was conserved at +4°C onto
YMD plate. For each experiment, one yeast colony was
used to inoculate a 50 mL YMD preculture. At mid-log
phase, preculture was used to inoculate the culture at an
initial optical density at 600 nm (OD600nm) of 0.25 into a
250 mL non-baffled flask containing 50 mL of YMD or
YMD + IL from 0.5% to 7% (v/v) added after medium
sterilization. The yeast growth was routinely followed by
measuring OD600nm values. The biomass was determined
as cell dry weight (g/L) after filtration through dried and
pre-weighed membrane filter with 0.22-μm pore size
(Millipore, Ireland) with subsequent washing in physio-
logical water. The samples were freeze dried and weighted.
The CDW was obtained by the difference between the
masses of the filter alone and the filter with the yeast cells.
All the experiments were realized at least twice.
The yeast viability was measured as number of colony-
forming unit (CFU/mL) after sampling a 24-h growth
culture, serial dilutions up to 10−8 in sterile physiological
water, spread of 100 μL of each dilution on YMD agar
plates followed by incubation 48 h at 30°C, and count-
ing colonies on plates containing between 30 and 300
colonies.
In order to increase the tolerance of S. cerevisiae to
both ILs, a series of precultures and cultures wasrealized in YMD supplemented with increasing IL con-
centrations (0.5% to 7% v/v). Each run of preculture/cul-
ture was separated by a plating on YMD medium, and a
colony of this plating was used to inoculate the next run
of preculture/culture in increasing IL%. The hypothesis
for this adaptation was that only those yeast cells which
are resistant to culture with IL% will be able to grow on
YMD agar plates. No growth could be observed in
culture supplemented with 2% [Emim][OAc] and 8%
[Emim][MeO(H)PO2], respectively, or higher IL concen-
trations, even after yeast adaptation. The yeast cells
adapted to 1% [Emim][OAc] and 7% [Emim][MeO(H)
PO2], respectively, were transferred to YMD agar plates.
All the further experiments in this study were realized
from a colony of these plates.
Glucose and ethanol quantification
The concentration of glucose was monitored by
HPAEC-PAD (high pressure anionic exchange chro-
matography coupled with pulsed amperometric detec-
tion) using an analytical CarboPac PA-20 column kept
at 25°C. Elution was carried out at a flow rate of
0.5 mL/min with a gradient method described previously
[16,17]. The retention time of glucose was 11.96 min
(±0.56%). Quantification was based on calibration curves
established using standard glucose.
The ethanol concentration was measured by enzymatic
kit from BioLabo SA (Maizy, France).
Oxygen transfer rate (OTR) and carbon dioxide transfer
rate (CTR) measurements
Online measurements of the OTR and CTR in shaken
flasks were carried out in a self-made respiratory activity
monitoring system (RAMOS) described by Anderlei and
Büchs [26] and Anderlei et al. [27]. Commercial versions
are available from Kühner (Birsfelden, Switzerland) or
HiTec Zang (Herzogenrath, Germany). Specially de-
signed flasks were used for cultures in the RAMOS de-
vice, but hydrodynamics and gas phase concentrations
were similar to those in standard Erlenmeyer flasks with
cotton plugs. The measuring cycle was separated into a
measuring and a rinsing phase. During the rinsing phase,
air with a calculated flow rate flowed through the meas-
uring flask. To protect the measuring flask against con-
tamination, two sterile filters were installed at the inlet
and the outlet. The partial pressure of oxygen in the
headspace of the measuring flask was detected by an
oxygen gas sensor. At the beginning of the measuring
phase, the inlet and outlet valves of the measuring flask
were closed. The continuing respiration activities of the
microorganisms subsequently led to a decrease in the
partial pressure of oxygen and to an increase in the car-
bon dioxide partial pressure in the headspace of the
measuring flask. The OTR and CTR of the particular
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change in the partial pressure over time. After the meas-
uring phase, the valves were reopened and “fresh” air
could flow through the flask; new measuring cycle
started. The measuring cycles were completed approxi-
mately in 30 min. A newly developed calibration strategy
ensured the compensation of the drift of the oxygen sen-
sors [27]. Due to low solubility of oxygen in culture
medium (approximately 8 mg/L at 25°C), it can be as-
sumed that OTR is equal to oxygen uptake rate (OUR).
OUR can also be described as the cellular oxygen de-
mand or consumption [49].
Morphology observations
Microscopic preparations were performed according to a
protocol adapted by Gognies et al. [50]. The culture
samples were immersed in a fixative solution composed
of 1% glutaraldehyde in 0.1 M potassium buffer
(pH 6.8), at room temperature for 16 h. Samples were
subsequently washed with 0.1 M potassium buffer
(pH 6.8), post-fixed for 4 h in 2% osmium tetroxide,
then washed again with buffer and dehydrated in
successive ethanol baths. The morphology of yeasts
was observed on a Philips ESEM-FEG XL30 scanning
electron microscope in an environmental scanning
electron microscope (ESEM) mode.
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